Dynamic FEM and DEM simulations are carried out to investigate dynamic penetration of a projectile into a target of granular medium. Spatial distribution and time dependence of ejecta are clarified together with their trajectories in medium. Highly densified region is generated just ahead of the projectile and propagates leaving rarefied regions. Force on the projectile is fully discussed in connection with dynamic behavior of granular target.
Introduction
Dynamics of projectile penetration into heterogeneous target have long been of interest and still remain an active research field. Lately it has become of general interest for planetary physics, geophysics, collisional physics and so on. Resistance during penetration has been identified in experiments and a various formulations for the resistance versus penetration relations have been proposed (Allen, et al., 1957, Backman and Goldsmith, 1978) . Direct measurement of resistance has been tried (Bazhenov, et al., 2009 , Hauver, 1978 . There are also many studies on ejecta associated with projectile penetration into granular media such as sand and regolith (Goldman and Umbanhowar, 2008, Yamamoto, 2002) , and the amount and the space distribution of ejecta were extensively investigated in experiments and simulations (Michikami, et al., 2007 , Nishida et al., 2011 . But there have not been tried to identify the initial locations of the respective ejected particles and their trajectories how to come out. It would be also fundamental requirement to clarify three dimensional particle movements in the target corresponding to the penetration depth of the projectile.
In the present study the discrete element method together with the finite element method were applied to simulate the dynamic behaviors of penetration into granular target and the characteristics of the problem were fully discussed in connection with dynamic movement of particles. Figure 1 shows a projectile and a target of granular medium. The main body of a projectile was a cylinder of 42mm in diameter and 100mm in length, and four kinds of head, a hemisphere, a truncated cone, a flat and paraboloid of 21mm in height were attached to the main body, respectively. Since the main body of the projectile used in the previous experiment (Zhang, 2013) was assembled from several parts such as load sensors and connecting rings, it is assumed a uniform solid cylinder having apparent density of 1.80×10 3 kg/m 3 in the present simulation. Three dimensional elastic FEM model was applied to the projectile with Young' modulus of 69GPa and with Poisson's ratio of 0.3. Initial velocity of the projectile was in the range of 7.5m/s to 240m/s.
Computational setup 2.1 Projectile

Target
The target was formed by randomly distributing 462300 identical spheres of 2.18mm in diameter and of 3.76 g/cm 3 in density into a spheroidal container of 218mm in diameter and of 160mm in depth as shown in the figure. Average packing density was about 63%. The target was formed as follows: 1. In the semi-ellipsoid vessel, the particles whose total volume corresponds to 63% volume of the vessel were compressed in a small space. Then, free expansion of particles were permitted by removing the external forces. 2. The velocity of particles gradually decreased. After the particles repeated the collisions each other and against the vessel wall. 3. We finally adopted the situation of target particles with enough time as the initial state of target. Elastic Discrete Element Method (DEM) was applied for the target. Reactions between spheres were expressed by springs both in normal and tangential directions, together with a slider to represent static and kinetic frictions as shown in Fig.2 . Reactions were considered only when the particles were in contact. Elastic dynamic response analysis was performed with the following simulation constants summarized in Table. 
Characteristic of ejecta
When the projectile heads on the target, particles on and beneath the surface eject into space. To collect and investigate such ejecta is a versatile physical method for soil survey of an asteroid and it was actually adapted for Japanese planet surveyor MUSES-C 'Hayabusa'.
To detect the spatial distribution of ejecta, sequential windows were assumed on the surface as shown in Fig. 3a , and the total number of particles passing through the respective windows were counted.
In the case of granular medium the elastic wave velocity depends on the density as lately discussed in detail, and it is ranged from about 250m/s to 540m/s for the initial impact velocities above 15m/s in the present simulation. Therefore, disturbance caused by impact of projectile reflects back from the free boundaries of the container in time of 1.4ms to 0.7ms, and ejection is not affected by the reflection of wave in this period. Moreover, since reflected wave at free boundary always rarefy the density near the projectile, the amount of ejecta evaluated even in the longer time period beyond several milliseconds would not be overestimated. To explore the composition of granular medium in depth direction, it is fundamental requirement to know where the ejected particles were initially set. To identify the location a sectional map was built up by layering the target every 2mm in depth as illustrated in Fig.3a . Figure 3b represents the total amount of ejecta passing through the respective windows in the period up to 8ms. The composition of the particles traveling from the respective layers are also illustrated for two kinds of projectiles.
To collect the particles from the particular layer underneath the target surface, it is necessary to place the window appropriately at the position and to open it timely to capture the ejecta. Figure 3c shows the amount of ejecta which come out from the respective layers with time. It should be noted that particles on and near the surface are detected even in rather longer time span.
From these results, it is found how to set the windows appropriately and how to open it timely to collect the ejecta from the depth under investigation as much as possible.
Behavior of target
To clarify deformation state in the particulate target we have focus our attention to the change of apparent packing density which may reflects to stress and strain in the sense of continuous mechanics. Fig.4 represents distribution of packing density caused by penetration of projectile with four kinds of heads, respectively at initial impact velocity of 7.5m/s. Just after the impact, higher density region appears just ahead of the projectile, and then, at almost the peak resistance which will be explained in detail, the region spreads spherically and begins to propagate downward at much higher velocity than that of projectile leaving relatively rarefied region. To make sure the effect of ejecta on generation of the rarefied region, we suppose a cover plate over the free surface of target to prevent the ejecta and penetrate the projectile, then still we observe rarefied region just ahead of the projectile. This fact suggests that the rarefied region is essentially caused by difference of velocities of the projectile and the high density region and such velocity difference would be decreased with the increase of initial impact velocity. Figure 5 illustrates the same kind of density distribution results obtained by the flat ended projectile at impact velocity of 60m/s and 240m/s. Actually, with increase of initial impact velocity, the high density region grows much clearly and tails up to just ahead of the projectile as seen in the figure. The region of such high density, even though only several percentage difference from initial state, means existence of highly stressed region in the sense of continuous mechanics.
The propagation velocity of such high density region was determined as follows. The location of the most distant particle which began to move at time t in vertical direction is expressed by and that at time is as , and then the propagation velocity , C , can be evaluated as
C=(Y/t)
(1) Figure 6 shows the propagation velocity, C versus the time, t, relation obtained at impact velocity of 60m/s, together with the change of projectile velocity. The evaluated propagation velocity is suffered by large fluctuations, but still it can be approximated by smooth red curve as shown. In the case of granular medium the elastic wave velocity depends on the density. Elastic wave propagation in randomly arranged particles with separations as illustrated in Fig.7a can be simplified by that in aligned particles with separations as shown in Fig.7b . When the velocity, V, is applied to the left end particle, then it moves and hits its next neighbor particle and so on. Then we have the following relation for the elastic wave propagation;
where C0 is the elastic wave velocity in the case of s=0, and n is a number of particles in the length L. Equation (2) can be rewritten as follows. In Fig.8 , the propagation velocities at the peak resistance of projectile are plotted against the velocity of projectile following the equation (3) with =0.977, =0.023 and C0=425m/s. It would be reasonable that the evaluated wave velocity in the present simulation for random distribution of spheres is smaller than the value of 530m/s obtained in rectangular lattice arrangement without separation (Zhang, 2013) . From these values, s/d=0.0235 is obtained and apparent density of target is estimated as 68% which is larger than the value used in the present simulation but not so unreasonable. Fig.8 Estimation of wave velocity.
Resistance versus penetration depth relation
Upward force acting on the projectile was evaluated as the resistance of the projectile during penetration in the target and is plotted against penetration depth in Figs.9a in the case of the initial velocity of 7.5m/s. High frequency undulations above 5kHz were omitted on the curves. Here, we can find three stages on the relation as indicated in the figure. On the impact the force increases rapidly and reaches to the peak value (the stage I), and decreases (the stage II) followed by almost constant or gradual decrease (the stage III) as was also observed in the experiments (Bazhenov, et al., 2009 ). Effect of head shape was apparently observed and the highest peak force was found in the case of flat head projectile. Fig.9b shows the effect of the initial velocity on the relation in the case of a flat ended projectile, and it is found that not only the increase of peak value, but also the penetration depth corresponding to the peak force is increased with the increase of velocity. It is of interest to clarify the effect of friction on the resistance versus penetration depth relations as shown in Fig.10a obtained for the initial impact velocity of 240m/s. It is found that the relations for the case 3 and the case 4 are almost independent of the friction between particles to the projectile, while the relations for the case 1 and the case 2 are slightly affected by the friction between particles as indicated in the figure. Fig.10b shows sectional view of scattering and deformation in the target. It can be seen that scattered particles are scarcely contact with the side surface of the projectile while particles only collide with head surface of the projectile and the friction effect shown in Fig.10a is reasonably understood. Also this fact suggests that characteristics of the resistance versus penetration depth relation, from the stage I to the stage III as mentioned for Fig.9a are intrinsic nature. Fig. 10a Effect of friction on the resistance Fig. 10b Splash zone around the projectile. to penetration relations.
To understand these characteristic from phenomenological point of view, the resistance, R, was expressed in terms of velocity of projectile, V, as was formulated by many investigators (Goldman and Umbanhowar, 2008, Borg and Vogler, 2008) . In the stage I, the force by a projectile acts on the target to accelerate particles, and can be expressed by change of momentum as follows;
where ACdt is mass of particles accelerated and is velocity of the mass attained. is the density of the target, A is a representative surface area of the volume accelerated, and C is elastic wave velocity in the target. As was mentioned before, particles near the projectile head are accelerated in the stage I and at the peak value of the force F the particles attain the almost same velocity as that of projectile. Therefore, Eq. (4) can be applied for the peak resistance. Referring the same kind of results as shown in Fig.6 and Fig.10b , the velocity V at the peak resistance can be found and using the relation shown in Fig.8 In the stage III, resistance F seems to be controlled by so-called aerodynamic drag form as
where CD is the coefficient of drag and A0 is the sectional area of projectile, respectively. Fig.12 represents the relations between the resistance divided by square of velocity, (F/V 2 ), and the penetration depth for various impact velocities, and it can be seen that the relations are almost flatten in the stage III. The obtained values of CD by using Eq. (5) are nearly constant of 1.2 to 1.8. The value of 1.8 may be comparable to the value obtained in the experiment on the penetration into sand (Allen, et al., 1957) . To clarify the friction effect on the value of drag coefficient, the relations already shown in Fig.10a are re-plotted as the same kind of relations in Fig.13 . In the case of frictionless condition the value of drag coefficient is obtained as ca.1.2, while in the case of friction the value is ca.1.8. Even though the friction increases the coefficient of drag by about 50% in the present simulation, still the great part of the value (CD=1.2 may be understood in connection with the reported value in fluid dynamic drag (Hoerner, 1965) ) would be intrinsic for this kind of problem and can be correlated to the hydrodynamic drag in nature.
Ratio of sectional areas, A/A0
Initial velocity (m/s) Fig. 12 The relations between (F/V 2 ) and penetration depth. 
Concluding remarks
Three dimensional dynamic FEM and DEM simulations on the projectile penetration into granular target were carried out and the following conclusions were derived.
(1) Spatial and time dependence of ejecta associated with projectile penetration are clarified and a versatile method to collect the materials in the particular depth in the target is proposed. (2) Propagation of elastic wave generated by penetration was clearly captured and the dependence of wave velocity on density of particulate medium was theoretically deduced. (3) Characteristics of the resistance to penetration relations for a projectile were elucidated and were well rationalized in terms of kinematic quantities of momentum and hydrodynamic pressure. Case 4
